Abstract The data regarding the pathogenesis of progressive kidney disease implicate cytokine effects, physiological factors, and myriad examples of relatively nonspecific cellular dysfunction. The sheer volume of information being generated on this topic threatens
Introduction
Chronic kidney disease (CKD) is a progressive condition characterized by scarring and loss of structural integrity of the kidney. It has been estimated to affect more than 26 million people in the USA alone [1] . Although it has been suggested that this number may represent an overestimation [2] , the attendant morbidity, mortality, and financial costs clearly are significant. Despite its frequency and impact, advances in preventing CKD remain limited. In part, this reflects our inability to identify critical biological targets for treatment. Over the past few years, a tremendous amount of data has been generated, and an even greater amount of interpretation has been offered, as we seek to understand the molecular pathogenesis of progression. Experimental studies to define the evolution from an initial lesion to the common pathway of CKD have employed two, very different techniques. In a traditional approach involving molecular analysis of signal transduction pathways, cell phenotypic markers and synthetic activity have been used to characterize mechanisms leading to loss of structural integrity of the cell, extracellular matrix (ECM) accumulation, or disordered organ structure. In a second approach, the ability to manipulate the genetic constitution of animals has led to transgenic and knockout models, especially in mice. There are positive and negative attributes to either approach. The iterative, pathway-based inquiry offers precise details of the fine specificity of cell regulation, with clear indications of how each molecule participates in the events being studied. However, while the painstaking analysis of such events (by investigators including these authors) provides reams of data, the likelihood is small that an isolated, individual change at a cellular level causes CKD. The pathology may initiate with a single event but, quickly thereafter, a multitude of pathways are activated to cause what we would recognize as the disease. Conversely, in animals where a gene has been modified or deleted, it is difficult to be confident that the gene being manipulated represents the true "first cause" of the disease process. The exception to this assertion is, of course, monogenic disorders wherein an identified mutation has been "knocked in" in mice, to model the human disease. Even in this case, however, potential differences of interspecies physiology introduce a degree of uncertainty into our extrapolating from the model to humans. Further, the identity of the involved gene reveals only a single step in a complex causal cascade.
As a result, we frequently find that a protein has been implicated as the cause of a disease or a pathogenetic event, when it is simply a possible cause or contributing agent. How can we understand the multiple factors that contribute to disease? In this essay, rather than providing a comprehensive review of the research findings in CKD, we will seek to provide a framework for fitting these varied findings into an overall schema for the pathogenesis of progressive renal scarring. This approach should help us understand the part that each finding plays in the overall pathway.
First iteration: stages involved in disease pathogenesis
In considering how disease occurs, a basic tenet is that there is no such thing as a truly isolated "pathogenic mechanism". Every event and response of the organism has developed through evolution in order to enhance the continuation of the species. Disease occurs when an otherwise physiological response is misapplied, causing a loss of function or an imbalanced response. For example, our ability to utilize tubuloglomerular feedback in order to adapt to acute tubular injury shuts off glomerular filtration to prevent death from acute fluid loss and shock [3] , but risks harm from fluid overload or hyperkalemia. More chronically, a process for the healing of vascular intimal injury may be misapplied, causing the development of atherosclerosis [4] . Later in this review, we will consider that tubuloglomerular feedback, through a chronic mechanism, may contribute to progressive renal fibrosis.
A four-step process is common to all cases of chronic renal disease. An initial stimulus causes injury. The subsequent cellular response initiates repair mechanisms that may be appropriate or may be misapplied or inappropriately regulated. Even if the repair is successful, the organism must accommodate to any structural changes resulting from the repair. This adaptation may lead to a return to the previous steady state, or it may alter physiology sufficiently that the nephron is stressed. Extended effects of such adaptation may be deleterious for the organism, causing what we recognize as disease. These four stages are the subject of the present essay.
In an earlier generation, this relationship among injury, response, and potential untoward outcomes was described at the level of systemic physiology in Bricker's seminal description of the pathophysiology of the uremic state [5] . Today, the application of a similar paradigm to that proposed by Bricker, but at a molecular level, may help us understand the abnormal structure/function correlates of progressive kidney disease (Fig. 1 ). An injury initiates this process. The term is used broadly here; an injury may be an event, such as an infection, hypoxic insult, or exposure to a toxin. But it also could represent a physiological stress, such as that caused by glomerular overload in obesity. A genetically inherited disorder may cause a structural defect, activating compensatory mechanisms that similarly cause physical stress to the nephron.
An initial response to this injury involves the activation of cellular mechanisms, such as further inflammation, the production of proteases, and changes in cell function (e.g. a switch from the transport to synthetic phenotype). Mediators are produced to propagate this response in an ever-widening circle. Cells proliferate, or they may die (apoptosis or necrosis). The specificity involved in the initial injurious stimulus may become obscured, as responses begin to enter several common pathways. A final common pathway is reached when the repair process is initiated. New basement membranes are synthesized, beginning with a provisional ECM, such as fibronectin [6] , but eventually including different types of collagen and laminin that are more specific to a given structure. Angiogenesis may establish a new capillary bed, and cells of all types proliferate and ultimately differentiate into specific structures, such as capillary endothelia or renal tubules, among others. Regulation of these repair mechanisms is a critical determinant of outcome. If the steps described here are successful, and the repair process terminates when an effective structure is re-established, normal physiology is restored and health is reconstituted. However, if the response is insufficient, normal structures are not present. Further, if the response is excessive (e.g. if the ECMproducing response is not shut off), scarring may interfere with function. If the damage is limited, the organism can adapt, and a new steady state may be achieved, with perhaps a bit less function than previously. However, it is often the case that the effort of adaptation itself represents abnormal physiology. Overload of the remaining nephrons from compensatory mechanisms creates a vicious cycle of injury and unsuccessful repair. The result is chronic disease and progressive nephron loss.
Illustration: role of cytokines in proteinuria and progression
Let us examine an example of how this model of pathogenesis may be applied. Cytokines have been implicated in both proteinuria and subsequent progressive chronic kidney failure. The different roles played by these proteins in minimal change disease (MCD) and idiopathic focal segmental glomerulosclerosis (FSGS) illustrate our conceptual framework. It is important to note that this is offered as a single example. Cytokines are not the only mediators of proteinuria or progressive disease, and the initial lesion in progressive disease may arise in the tubule rather than in the glomerulus.
Injury and response in the pathogenesis of MCD Since Shalhoub first proposed that MCD is a T-lymphocyte disorder [7] , investigators have sought an immunological factor (cytokine) that mediates the disease [8] . Despite ample molecular evidence of a role for lymphocytes in this disorder [9] , a definitive role for cytokines remains an elusive target [10] . Interleukin (IL)-13 has been suggested as a potential mediator of MCD [11] . Other cytokines have been identified as potential stimuli of proteinuria in MCD, including vascular endothelial cell growth factor (VEGF), formerly called vascular permeability factor [12] , and IL-8 [13] . VEGF seems to be a likely candidate inducer of glomerular proteinuria, since it causes cytoskeletal rearrangement [14] that would alter the structure of the slit diaphragm and may be responsible for proteinuria in diabetic nephropathy [15] . It is likely that cytoskeletal reorganization in the podocyte [16] alters the slit diaphragm in a way that permits increased macromolecular clearance. Viewed according to the model depicted in Fig. 1 , the initial injury in MCD could be seen as resulting in some way from disordered T-cell function. The cellular response might be VEGF production, cytoskeletal rearrangement, and mislocalization of proteins that regulate cell-cell and cell-matrix interactions [11, 17] . Consequent changes in the slit diaphragm enhance the passage of macromolecules. These events would represent a potential triggering injury and the initial cellular response to that injury (Fig. 2 , lefthand side of figure) . In most cases of MCD, this represents a reversible, self-limiting process. Indeed, the reversibility of MCD could be explained by the transient nature of the cytoskeletal rearrangement, which might not even invoke a repair mechanism.
Repair: the distinct cytokine profile in progressive glomerular disease None of the cytokines mentioned to this point, including VEGF, have been associated with the cell loss and ECM accumulation observed in CKD. Yet, proteinuria is often considered to be associated with progressive nephron loss. Since MCD rarely, if ever, undergoes progression, there must be something different about the mechanisms underlying proteinuria in idiopathic FSGS (compare [18] ) that is important for causing CKD. In FSGS, the nature of the injury and initial response generates a second wave of cytokines (right-hand side of Fig. 2 ). These cytokines may be beneficial, promoting a repair process in which damaged
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Toxic Physiologic Stress Genetic Disorder glomerular and tubular structures are replaced by cell dedifferentiation, migration, proliferation, and redifferentiation. Transforming growth factor beta (TGF-β) stimulates podocyte apoptosis [19] and mesangial cell ECM production [20] , and where tubular damage occurs, tubular cells are induced to dedifferentiate by TGF-β and other cytokines [21] . Although often felt to be a pathogenic event, apoptosis might also serve a regulatory purpose in helping to remove damaged or activated cells to regulate repair [22] . Macrophage chemoattractant protein (MCP)-1, basic fibroblast growth factor (FGF-2), and platelet-derived growth factor (PDGF) serve as chemoattractants to recruit and stimulate the proliferation of macrophages to remove cellular debris, stem cells to promote repair, endothelial cells to produce new blood vessels, or fibroblasts to lay down new ECM.
Misdirected repair in overt FSGS and its progression to CKD Ideally, the kidney undergoes successful adaptation to this injury and repair, re-establishing normal or near-normal function. However, at some point, if it is not tightly regulated, the repair process may become disproportionate (right-hand part of Fig. 2 ). Apoptosis or necrosis may destroy vital structures, and infiltrating cells may release further waves of cytokines or produce excess or inappropriate ECM. Although to this point we have focused on glomerular disease, by this time the lesion has become more diffuse. The entire kidney becomes affected by the mechanisms that have been activated, a process manifesting as the final common pathway of CKD. Repair-directed cytokines continue to play a significant part. TGF-β has been implicated in progressive nephron loss [21, 23, 24] , along with other cytokines that either are downstream of TGF-β or act independently, including leptin [25] , connective tissue growth factor (CTGF) [26] , and osteonectin [27] . Some of these cytokines may be found in the urine of patients with fibrotic kidney disease [28] . Other mediators also may contribute to progression. Tumor necrosis factor alpha (TNF-α) [29] , osteopontin [30] , and MCP-1 [31] have been associated with inflammatory components of progression, and FGF-2 [32] , epidermal growth factor (EGF) [33] , and PDGF [34] activate and amplify cellular activities in CKD. PAI-1, a multifunctional molecule that originally was defined by its procoagulant activity, has multiple effects along these pathways that regulate progressive scarring [35] . Significantly, there appears to be little overlap between this group of "repair" cytokines and those causing proteinuria. For example, diabetic mice that are lacking the TGF-β signaling molecule, Smad3, develop significant proteinuria but show decreased fibrosis [36] .
Uncontrolled, this second wave of cytokines may promote renal scarring. Sufficiently excessive, misdirected repair invokes an adverse adaptation in an effort to maintain glomerular filtration rate (GFR) as compensation for the overwhelming injury. Nephron loss leads to functional Fig. 2 Steps in the development of chronic kidney disease (CKD) secondary to idiopathic focal segmental glomerulosclerosis (FSGS). An initial wave of cytokines, representing the injury (genetic and/or environmental) and response stages of disease pathogenesis, leads to proteinuria. Different mechanisms affecting cytoskeletal/slit diaphragm integrity may mediate proteinuria. For those that cause sufficient injury, a repair process is initiated, with a second wave of cytokine expression. If this repair is not physiologically controlled, a maladaptive state leads to a chronic cycle of injury and misdirected repair, leading to death and structural loss in the process of scar formation. In contrast, minimal change disease (MCD) involves only the left-hand part of the diagram, from cytokines to proteinuria. SNGFR Single nephron glomerular filtration rate overload of the remaining nephrons. Tubuloglomerular feedback elevates single-nephron GFR in a complex mechanism dependent at least in part on angiotensin [37] . Angiotensin II, an important contributor to this feedback, also plays a central role in hypertension, hypertrophy, and the activation of other cytokine pathways [38] . Hypertrophy, in turn, further stimulates the production of mediators that, at appropriate concentrations, engender repair, but which under pathological conditions amplify or accelerate the fibrotic process. Given that this adaptation provokes further injury, we refer to it here as "maladaptation". With these events, the lesion has reached the "tipping point" of the fibrogenic cascade, and the process becomes irreversible. The result is chronic, progressive kidney scarring. Thus, the initial injury has stimulated a cellular response, dysregulated repair, maladaptation, and a spiral of progressive nephron loss.
Non-cytokine mechanisms
Although we have focused on cytokine production as one mediator of glomerulosclerosis that becomes amplified to cause generalized nephron loss, other mediators show similar patterns. For example, reactive oxygen species, such as nitric oxide (NO), play an important role in determining renal hemodynamics in health and disease [39] , yet they could be a mediator of maladaptive glomerular hypertrophy [40] and, derived from multiple cell types, a mediator of fibrosis [41] . Kriz has proposed a model in which misdirected filtration of plasma proteins into the tubulointerstitial space stimulates a reactive process that could conceivably repair the lesion but eventually chokes off tubular flow, impairing glomerular filtration and leading to nephron loss [42] . In diseases arising from primary tubular dysfunction, maladaptive responses similarly lead to nephron loss. In these examples, as with our discussion of FSGS, normally beneficial mechanisms are misapplied. To benefit from this insight, we must perform two critical tasks in dissecting the pathogenesis of CKD. The first requires us to understand the elements of the disease process that initiate repair and how some diseases, such as MCD, or disease models, such as single-dose, rat anti-Thy1 nephritis [43] , appear to be self-limited, whereas others, such as idiopathic FSGS and the multi-dose model of anti-Thy1 nephritis, provoke repair mechanisms that may be misdirected. The second task is to determine how the focus and extent of repair mechanisms are regulated.
Genetic influences on manifestations of the model
One critical parameter controlling repair may be genetic predisposition. While our proposed theoretical construct may seem relatively straightforward, its application to clinical disease is complicated. Many of us are exposed regularly to pathogenic stimuli, yet only a small number of us, in some defined instances, actually develop disease. Thus, it is reasonable to conjecture that specific genetic polymorphisms may play a role in the pathogenesis of various kidney diseases by increasing the activity or expression of angiotensin-converting enzyme (ACE) [44] , MCP-1 [45] , or TGF-β [46] . Further, it is known that children with certain extended HLA haplotypes are predisposed to developing frequently relapsing MCD [47] , and specific genes now have been associated with glomerulosclerosis [48] . Examples of FSGS that are associated with Mendelian inheritance may represent only the "tip of the iceberg" with regard to the genetic basis for the lesion. Allelic variants in podocyte-specific structure or function genes may not be readily apparent but could predispose patients to an unfavorable initial response, altering the balance between appropriate and inappropriate repair to promote progressive nephron loss. Thus, a critical aspect of the initial response may be a genetic predisposition to respond inappropriately to injury (Fig. 3) . Under a requisite set of genetic influences, the initiating stimuli of infection/ inflammation, stress/structural overload, toxin, among others, will generate a cell response that manifests as the initial lesion, whereas individuals without the "proper" alleles may not develop any disease.
Reiteration of the model: relevance to diagnosis and treatment
In the clinical context, where the primary disease stimulus will be less apparent than in controlled animal experiments, we may not have sufficient tools to differentiate between processes that represent the initial damage caused by the injury and those that reflect the tissue response to that injury. Thus, the two stages are linked in the clinical schema shown in Fig. 3 . We propose that initiation of the lesion is followed by a phase of disease consolidation, which corresponds to the reversible stage of the repair process-in our previous example, early FSGS. Influencing factors, such as nephron number, hypertension, and the possible presence of nephron overload [47] , will determine whether the patient can successfully adapt to the physiological alterations consequent upon the development of glomerulosclerosis. This time of consolidation represents the stage at which the clinician often first encounters the patient, wherein all therapies should be directed toward modulating the repair process so it is appropriately directed and limited in scope. Once podocyte and other glomerular cell hypertrophy ensues, FSGS is overt and relatively resistant to traditional glomerular disease treatment. Neph-ron loss creates conditions of increased single-nephron load, accelerating the organism's efforts at repair that are doomed to advance the fibrotic process. As the protein reabsorptive mechanisms of the tubule are saturated, further inflammatory responses promote tubulointerstitial fibrosis [49] . Loss of vasculature from inflammation or other mechanisms leads to tissue hypoxia, further stressing the tissue and inducing more apoptosis. This maladaptation leads to further injury and is likely to be enhanced by "progression genes" such as MYH9 [48] in ways that we do not fully understand. Possible contributing factors that could be genetically modified include excessive cytokine responses, enhanced ECM synthesis or reduced ECM protease production, or the generation of reactive oxygen species, including oxidized lipids. All of these represent the inappropriate activation of repair mechanisms.
Implications for clinical care
Thus, the framework described in the first part of this essay can be used to describe the pathogenesis of a specific disease, in this case, idiopathic FSGS leading to CKD. Others can undoubtedly construct similar scenarios regarding diseases that originate in the tubulointerstitium, such as chronic pyelonephritis or polycystic kidney disease. The important questions are: (1) how can we utilize this approach to help us understand the pathogenesis of clinical disease? and (2) what insight can we gain into how to approach treatment? To answer the first question, we can perhaps begin by examining where the plethora of data fits in the four-step schema (initiation, response, repair, adaptation) and generate a hierarchy of events with regard to causality and timing. This approach will provide a conceptual framework for evaluating data, thereby increasing our ability to synthesize multiple research findings into a coherent whole. The second question pertains to the translation of research findings into new therapeutic approaches. A critical step in a new approach would be to consider how clinical findings fit into our schema. A patient who is in the process of initial repair of the lesion would likely benefit from treatments that enhance the specificity and limit the scope of that repair. In contrast, a patient who is manifesting maladaptive physiology should receive treatments that modulate the adaptation. Thus, sulodexide may be effective in treating early, but not late, lesions in models of radiation-or diabetes-related nephropathy [50] , while ACE inhibition does not prevent the development of microalbuminuria in type-1 diabetes [51] but is effective in blocking progression and, possibly, even reversing diabetic nephropathy [52] . This distinction among disease states is already applied by the oncologist, who utilizes morphological and molecular phenotyping to stage tumors and determine appropriate therapies. The result is a cocktail of drugs aimed at several different pathophysiological processes and tailored to the current state of the tumor. A similar concept would be of substantial benefit to pediatric kidney patients. Focusing treatment in this manner requires both an improved understanding of basic mechanisms and their regulation and the ability to determine, through biomarkers or other means, the stage at which a disease is manifested in a specific individual. Armed with such tools, we could approach therapy with a new sense of purpose and confidence.
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